ABSTRACT In order to clarify the influence of curing agents on the flavor of duck, the effect of pH on the surface hydrophobicity, secondary structures, and adsorption capacity of myofibrillar proteins to alcohols, aldehydes, ketones, and esters was assessed using Raman spectroscopy, gas chromatography-mass spectrometer, and other methodologies. The hydrophobicity decreased as pH increased from 5.0 to 8.0; β-turn turned into α-helix and random coil as pH increased from 5.0 to 7.0, while α-helix and random coil turned into β-sheet and β-turn as pH increased from 7.0 to 8.0. With the increase of pH, the decreased adsorbing of alcohols could depend on hydrogen bonds. As pH increased from 5.0 to 8.0, the increase of aldehydes and esters was attributed to the unfolding of myofibrillar proteins and decreased hydrophobicity. The decreased adsorbing of ketones was due to the decreased hydrophobicity as pH increased from 5.0 to 8.0. The present work provided information about the correlation between structure and adsorption capacity of myofibrillar proteins to flavor compounds.
INTRODUCTION
The flavor of food is one of the principal factors involved in the acceptance by consumer (Guichard, 2006) . It has been reported that the perception on the aroma of meat products depends not only on the concentration (Pérez-Juan et al., 2007) and odor thresholds of volatile compounds (Adhikari et al., 2006) , but also on the interaction of compounds with other meat components (Olivares et al., 2009) . Recently, some studies of cured duck meat flavor mainly focused on the mechanism of the formation of volatile compounds, such as alcohols, aldehydes, ketones, and esters (Liu et al., 2006; Liu et al., 2007) . These flavor compounds can be adsorbed or desorbed during processing in cured poultry products, which is important for sensory evaluation. However, little information is available on the release and retention of volatile compounds.
Proteins can affect the release and headspace concentration of flavor compounds by binding them with special molecular bonds. The bonds between proteins and volatile compounds include reversible hydrogen bonding, van der Waal's forces, ionic bonding, and irreversible chemical binding via covalent linkages with amino (NH 2 ) and sulfhydryl (SH) groups (Tromelin et al., 2006) . The change of bonds depends on the mi-C 2016 Poultry Science Association Inc. Received July 16, 2016 . Accepted October 18, 2016 Both authors contributed equally to this work. 2 Corresponding author: caojinxuan@nbu.edu.cn croenvironment of amino acid residues, hydrophobicity, and secondary structures of proteins (Damodaran and Kinsella, 1981; Liu et al., 2008) . Several model solutions and model proteins have been introduced and developed in the field of retention and release of volatile compounds (Jouenne and Crouzet, 2000; Tan and Siebert, 2008) . Some factors can affect the bonds between model proteins and volatile compounds, such as protein nature (Jouenne and Crouzet, 2000) , volatile compounds nature, temperature (Damodaran and Kinsella, 1981) , pH (Jouenne and Crouzet, 2000; Gianelli et al., 2003) , ionic strength (Guichard, 2002) , and the concentration of other food components (Tan and Siebert, 2008) . In particular, pH is potentially one of the most important factors to influence the adsorption capacity of model proteins to volatile compounds, since it can change the microenvironment of amino acid residues, hydrophobicity, and the secondary structure of proteins (Damodaran and Kinsella, 1981; Liu et al., 2008) .
In cured meat products, especially poultry products, some curing agents (phosphate and bicarbonate) can improve the water-holding capacity of raw meat by adjusting pH values and the isoelectric point of myofibrillar proteins (Puolanne et al., 2001; Sheard and Tali, 2004) . Wang et al. (2016) added adenosine 5 -monophosphate to the cured duck breast meat to accelerate tenderness and chemical-physical index. Somboonpanyakul et al. (2007) reported that addition of 0.5 g/100 g sodium tripolyphosphate affected fracture distance, springiness, cohesiveness, chewiness, and hardness of chicken breast batters. The effect of curing agents (sodium chloride, nitrite, nitrate, and ascorbic acid) with different pH on the binding of soluble proteins from skeletal muscle with volatile compounds has been reported by Gianelli et al. (2005) . Jouenne and Crouzet (2000) reported that pH (range from 3 to 11) can affect the adsorbed ability of methyl ketone, ethyl octanoate, limonene, and myrcene by unfolding of β-lactoglobulin. However, the effect of pH on the adsorption capacity of poultry meat proteins and its specific mechanism have not been evaluated.
In the present work, the influence of different pH on the adsorption capacity of myofibrillar proteins to alcohols, aldehydes, ketones, and esters was determined; the effect of pH on the surface hydrophobicity and secondary structures of myofibrillar proteins was assessed.
MATERIALS AND METHODS

Materials
The compounds 1-pentanol, 1-octen-3-ol, 1-hexanol, 1-octanol, 2-methyl butanal, pentanal, hexanal, octanal, decanal, 2-butanone, 2-heptanone, 2-octanone, 2-nonanone, ethyl acetate, ethyl butyrate, ethyl caproate, and octyl acetate were obtained from SigmaAldrich (St. Louis, MO). The purity of the standard flavor compounds was between 98 and 99.7%.
Six Shaoxing pockmark ducks (Anas platyrhyncha var. domestica) with ages from 60 to 65 d (body weight 1,673 ± 147 g) were slaughtered in a local abattoir. Within 2 h after slaughter, biceps femoris muscles free of fat and connective tissue were taken and minced, vacuum packaged, and frozen stored (-70 • C) until use. All of determination was finished within 5 wk.
Preparation of Myofibrillar Proteins
Myofibrillar proteins were prepared according to our previous work (Zhang et al., 2013) . Minced muscle was homogenized in platelet-rich buffer (PRB) (100 mM KCl, 2 mM MgCl 2 ·6H 2 O, 2 mM EDTA-2Na, 1 mM DTT, 2 mM Na 4 P 2 O 7 ·H 2 O, and 10 mM Maleate at pH 6.8) and centrifuged at 1,000 × g for 10 min with a refrigerated centrifuge (Hunan Xiangyi Laboratory Instrument Development Co., Changsha, China). The pellet was extracted and centrifuged 4 times. Then, it was washed 3 times in Tris-HCl buffer (15 mM, pH 8.0). The concentration of myofibrillar proteins was calculated by the method of Smith et al. (1985) using bicinchoninic acid as a reagent and bovine serum albumin as a standard. Myofibrillar proteins were diluted to 1 mg/mL, 5 mg/mL and 30 mg/mL with 50 mM TrisHCl buffer (containing 50 mM KCl, pH 5.0, 6.0, 7.0, or 8.0, respectively) before use.
Determination of the Surface Hydrophobicity of Myofibrillar Proteins
The surface hydrophobicity of myofibrillar proteins was determined according to the method described by Chelh et al. (2006) . The 200 μL of 1 mg/mL bromophenol blue (BPB, in distilled water) was added to 1 mL of 5 mg/mL myofibril proteins suspension. The control (without myofibrillar proteins) consisted of 200 μL of 1 mg/mL BPB (in distilled water) and 1 mL of 50 mM Tris-HCl buffer (containing 50 mM KCl, pH 5.0, 6.0, 7.0, or 8.0, respectively). Samples and controls with different pH were kept under agitation at room temperature for 10 min and then centrifuged for 15 min at 2,000 × g. The absorbance of 300 μL of supernatant (diluted 1/10) was measured at 595 nm (A 595 ) against a blank of phosphate buffer by SpectraMax 190 Molecular Devices (Molecular Devices Co., CA). The assays were done in triplicate. The amount of BPB bound was given by the formula:
Raman Spectroscopy
The myofibrillar proteins of 30 mg/mL with different pH were used for Raman analysis (Renishaw inVia Reflex Raman spectrometer, Renishaw Company, Hoffman Estates, IL). An Argon Ion Laser emitted at a wavelength of 532 nm was used as excitation source. The scattered radiation was collected at 180 deg to the source; typical spectra were recorded at 1 cm -1 resolution with 500 ∼2,100 cm -1 scans with 12 mW of laser power. The Phe ν-ring band located near 1,003 cm -1 was used as internal standard for the normalization of spectra according to Harada et al. (1982) and Lippert et al. (1981) . The content of secondary structures (α-helix, random coil, β-sheet, β-turn and other structures) was calculated according to Susi and Byler (1988) using PeakFit 4.12 software (SeaSolve Software Inc., San Jose, CA).
Preparation of the Solutions of Volatile Compounds
A stock solution containing 50 mg/mL of each volatile compound was prepared in ethanol. The volatile compounds were added to 1 mg/mL of myofibrillar proteins (50 mM Tris-HCl buffer containing 50 mM KCl with pH 5.0, 6.0, 7.0, or 8.0, respectively) and shaken for 30 s by a Vortex-Genie Mixers (Vortex-Genie2, Scientific Industries, Inc., Bohemia, NY), resulting in a final concentration of 0.001 mg/mL for 1-pentanol, 1-octen-3-ol, 1-hexanol, 1-octanol, 2-butanone, ethyl acetate, and octyl acetate and 0.005 mg/mL for 2-methyl butanal, pentanal, hexanal, octanal, decanal, 2-heptanone, 2-octanone, 2-nonanone, ethyl butyrate, and ethyl caproate. The control solutions were 50 mM Tris-HCl buffer containing 50 mM KCl except myofibrillar proteins with pH 5.0, 6.0, 7.0, or 8.0, respectively.
The Determination of the Adsorption Capacity of Myofibrillar Proteins
The adsorption capacity of myofibrillar proteins was determined according to Flores and Olivares (2008) with slight modification. The mixed volatile compounds and protein solutions were equilibrated at 4
• C for 12 h. The 5 mL of 1 mg/mL of myofibrillar proteins and control solutions containing volatile compounds was added to a 15 mL headspace vial sealed with a polytetrafluoroethylene faced silicone septum (Supelco, Bellefonte, PA). The extraction of headspace volatile compounds was performed by solid-phase microextraction using a 75 μm carboxen/polydimethylsiloxane StableFlex fiber (Supelco) at 25
• C for absorbing 30 min. The volatile compounds adsorbed by the fiber were identified and quantified by gas chromatography analysis and massselective detector (GC-MS QP2010, Shimadzu, Japan) and separated on a VOCOL capillary column (60 m * 0.32 mm * 1.8 μm film thickness) (Sigma). Helium was used as the carrier gas at a linear velocity of 37.0 cm/s. The volatile compounds were separated using a temperature programmer. The oven was held at 35
• C for 3 min, increased gradually to 210
• C/min, and finally held for 20 min; the total run time was 58 min. A mass spectrometer was used to identify volatile flavor compounds. Operating conditions for the mass spectrometer were 0.9 kV EI source with a mass range between 45 and 600 Da; detector temperature was set at 200
• C. The assays were done in triplicate.
The free percentage of volatile compounds was determined from the difference between the peak areas of flavor compounds in samples and controls as following:
Free volatile compound (%) = (Peak area sample /Peak area control ) * 100% adsorption capacity (%) = (1 − Free volatile compound (%)) * 100%
Statistical Analysis
The effect of different pH on the percentage of free volatile compound, surface hydrophobicity and the levels of secondary structures of myofibrillar proteins was studied by one-way analysis of variance using SAS 8.0 (SAS Institute Inc., Cary, NC). The means were compared using Duncan-multiple range test. The significance of difference was set as P < 0.05. 
RESULTS AND DISCUSSION
Effect of pH on the Surface Hydrophobicity of Myofibrillar Proteins
As shown in Figure 1 , the surface hydrophobicity of myofibrillar proteins decreased significantly from 5 to 8 of pH (P < 0.001). Zhou et al. (2015) suggested that the decrease of surface hydrophobicity could be attributed to the unfolding of myofibrillar proteins and the exposure of nonpolar amino acids. Some reports demonstrated that the intermolecular cross-links and formation of aggregates caused the decline of surface hydrophobicity (Grune et al., 2004; Morzel et al., 2006) . Table 1 showed the relative content of secondary structures of myofibrillar proteins at different pH. The α-helix and random coil levels increased significantly as pH increased from 5.0 to 7.0, and decreased significantly as pH increased from 7.0 to 8.0 (P < 0.05). The β-sheet level increased as pH increased from 7.0 to 8.0 (P < 0.05). The β-turn fractions declined significantly from 5.0 to 7.0 and increased significantly as pH increased from 7.0 to 8.0 (P < 0.05). Our results showed that 4 kinds of structures explained most of the secondary structures. The β-turn fractions turned into α-helix and random coil fractions as pH increased from 5.0 to 7.0, while the α-helix and random coil fractions turned into β-sheet and β-turn fractions as pH increased from 7.0 to 8.0. This indicates that the secondary structures of myofibrillar proteins rebuilt. Our results were similar to the previous work of Liu et al. (2008) , who indicated that the α-helix structures of myosin increased as pH increased from 5.5 to 7.0 and decreased as pH increased from 7.0 to 9.0. However, they observed that the β-sheet fractions of myosin declined sharply from 41.2% to 5.1% when pH increased from 5.5 to 7.0. The similar results could be explained by that myosin played a predominant role in the changes of secondary structures of myofibrillar proteins. The isoelectric point (pI) of myofibrillar proteins has been indicated to be at pH 5.0 to 5.2 (Bertram et al., 2004) . Liu et al. (2008) suggested that the similar shifting of the pI of myosin may be due to the aggregation of myosin. The different results of β-sheet could be attributed to the changes of β-sheet of actin at different pH. Sun et al. (2011) assumed that the rebuilding of secondary structures of myofibrillar proteins was related to the change of surface hydrophobicity. The increase of α-helix structures as pH increased from 5.0 to 7.0 could contribute to the decrease of surface hydrophobicity. The changes in electrostatic interactions and hydrogen bonding by rising pH could contribute to the loss of α-helix under alkaline conditions.
Effect of pH on the Secondary Structures of Myofibrillar Proteins
Effect of pH on the Adsorption Capacity of Myofibrillar Proteins to Alcohols
The free percentage of 4 kinds of alcohols in the headspace of myofibrillar proteins (1 mg/mL) at different pH was shown in Figure 2 . The free percentage of 1-pentanol (P < 0.05) and 1-hexanol (P < 0.05) increased as pH increased from 7.0 to 8.0. The free percentage of 1-octen-3-ol increased as pH increased from 5.0 to 6.0 and 7.0 to 8.0 (P < 0.05), while the percentage of 1-octanol increased as pH increased from 5.0 to 6.0 (P < 0.05). Moreover, the free percentages of 1-octen-3-ol and 1-octanol were lower than 1-pentanol and 1-hexanol at the same pH (P < 0.01). Based on the above results, the adsorption capacity of myofibrillar proteins to alcohols decreased with increasing pH; the adsorbed capacity of alcohols with longer carbon chain was greater than that of alcohols with shorter carbon chain.
Our results were similar to the previous work of Tan and Siebert (2008) , who reported that the adsorption capacity of bovine serum albumin to alcohols were very weak. They suggested that most of the alcohols are fairly hydrophilic; the hydrophobic interactions between the alcohols and proteins were very weak. Kühn et al. (2006) and Reiners et al. (2000) assumed that the decrease of adsorption capacity of β-lactoglobulin to alcohols with increasing pH was attributed to the decreased binding ability of hydrogen bonding between OH and proteins in alkaline condition. In conclusion, the adsorption capacity of myofibrillar proteins at different pH to alcohols could depend on the hydrogen bonding, rather than the hydrophobic interactions. The effect of the length of carbon chain on the adsorbed capacity of alcohols was in agreement with the previous work of Guichard and Langourieux (2000) , who suggested that the increase of the adsorption capacity of β-lactoglobulin to volatile compounds with increasing carbon chain length was related to hydrophobic interactions.
Effect of pH on the Adsorption capacity of Myofibrillar Proteins to Aldehydes
The free percentage of 5 kinds of aldehydes in the headspace of myofibrillar proteins (1 mg/mL) at different pH was shown in Figure 3 . The free percentage of pentanal (P < 0.01) and hexanal (P < 0.01) decreased as pH increased from 5.0 to 8.0. The free percentage of octanal decreased as pH increased from 5.0 to 7.0 (P < 0.01). The free percentage of 2-methylbutanal decreased as pH increased from 5.0 to 6.0 and 7.0 to 8.0 (P < 0.01), while the percentage of decanal decreased as pH increased from 6.0 to 7.0 (P < 0.01). Based on our results, the adsorption capacity of myofibrillar proteins to aldehydes increased with increasing pH; the adsorbed capacity of aldehydes with longer carbon chain was greater than that of aldehydes with shorter carbon chain totally.
Our results were similar to the previous work of van Ruth and Villeneuve (2002), who reported that the adsorption capacity of β-lactoglobulin to aldehydes increased with rising pH. They suggested that the increase of hydrophobic binding sites of β-lactoglobulin caused an increasing retention of the aldehydes. In our results, hydrophobic binding sites decreased with rising pH. Flores and Olivares (2008) demonstrated that the rate of release of pentanal, hexanal and octanal from dry, fermented sausages was not related with the hydrophobicity value of myofibrillar proteins. The interaction between volatile compounds and proteins was influenced by the change in the conformation of proteins, which modified the available binding sites (Damodaran and Kinsella, 1981; Jouenne and Crouzet, 2000) . In our results, unfolding and rebuilding of secondary structures happened with rising pH. Kühn et al. (2006) assumed that the process of unfolding may reveal more binding sites that were previously buried. Cozzi (2004) demonstrated that the Schiff base ligands were formed by the reaction between aldehydes and the amino groups of proteins. In conclusion, the unfolding of α-helix with rising pH could reveal more active amino sites, which should improve the combination of myofibrillar proteins to aldehyde group.
The effect of the length of carbon chain on the adsorbed capacity of aldehydes was in agreement with the previous work of Heng et al. (2004) and Weel et al. (2003) , who demonstrated that the adsorption capacity of pea vicilin and whey proteins to aldehydes increased with longer carbon chain. Tan and Siebert (2008) suggested that it was related to the number of hydrogen atoms and boiling point (R 2 = 0.922). In addition, Weel et al. (2003) assumed that the stronger binding to the protein with the longer carbon number of the aldehydes was attributed to the stronger hydrophobic interactions.
Effect of pH on the Adsorption Capacity of Myofibrillar Proteins to Ketones
The free percentage of 4 kinds of ketones in the headspace of myofibrillar proteins (1 mg/mL) at different pH was shown in Figure 4 . The free percentage of 2-heptanone (P < 0.05), 2-octanone (P < 0.05) and 2-nonanone (P < 0.05) increased significantly as pH increased from 5.0 to 6.0 and 7.0 to 8.0. The free percentage of 2-butanone increased as pH increased from 5.0 to 8.0. Totally, the free percentage of ketones with longer carbon chain was smaller than that of ketones with shorter carbon chain. Based on the above results, the adsorption capacity of myofibrillar proteins to ketones decreased as pH increased from 5.0 to 8.0; the adsorbed capacity of ketones with longer carbon chain was greater than that of ketones with shorter carbon chain.
The influence of pH on the retention of volatile compounds by β-lactoglobulin has been extensively studied by Jouenne and Crouzet (2000) and Guichard and Langourieux (2000) . For β-lactoglobulin, the retention of methyl ketones increased from pH 3 to 9 and declined from pH 9 to 11, which Jouenne and Crouzet (2000) suggested that the effect of pH on of adsorption capacity depends on structural modifications of the protein.
Our results were different from the work of Jouenne and Crouzet (2000) . In our results, the decreased adsorption capacity of myofibrillar proteins to ketones could be explained by the decreased surface hydrophobicity as pH increased from 5.0 to 8.0, since the hydrophobicity has been demonstrated to be a very important factor for the binding of ketones by proteins (Kühn et al., 2006) .
The effect of the length of carbon chain on the adsorbed capacity of ketones was in agreement with the previous work of Guichard and Langourieux (2000) and Zhou et al. (2014) , who demonstrated that the adsorption capacity of β-lactoglobulin and myofibrillar proteins to ketones increased with longer carbon chain. Tan and Siebert (2008) suggested that it was related to the length of the hydrocarbon chain and degree of branching (R 2 = 0.961). In addition, Andriot et al. (2000) assumed that the stronger binding of the longer carbon number of the ketones by proteins was related to the stronger hydrophobic interactions.
Effect of pH on the Adsorption Capacity of Myofibrillar Proteins to Esters
The free percentage of 4 kinds of esters in the headspace of myofibrillar proteins (1 mg/mL) at different pH was shown in Figure 5 . The free percentage of ethyl acetate increased as pH increased from 5.0 to 7.0, while decreased as pH increased from 7.0 to 8.0 (P < 0.05). The free percentage of ethyl butyrate decreased as pH increased from 6.0 to 8.0 (P < 0.05). The free percentage of ethyl butyrate decreased as pH increased from 5.0 to 8.0 (P < 0.05), while the percentage of n-octyl acetate decreased as pH increased from 6.0 to 7.0 (P < 0.05). Moreover, the free percentages of ethyl butyrate and octyl acetate were lower than ethyl acetate and ethyl butyrate at the same pH. Based on the above results, the adsorption capacity of myofibrillar proteins to esters increased with increasing pH; the adsorbed capacity of esters with longer carbon chain was greater than that of esters with shorter carbon chain. Jouenne and Crouzet (2000) demonstrated that the increase of the adsorbed capacity of esters with rising pH was related to electrostatic interactions. In our results, the unfolding and rebuilding of myofibrillar proteins happened with rising pH. Kühn et al. (2006) assumed that the process of unfolding and rebuilding of proteins could reveal more binding sites. The increased hydrophilicity in our results meant more polar groups which could enhance electrostatic interactions. In general, when the surface hydrophobicity decreased, the hydrophobic interactions between the esters and proteins could become weak. In our results, the adsorption capacity of myofibrillar proteins to esters with rising pH increased, indicating electrostatic interactions with esters was stronger than hydrophobic interactions. In conclusion, the increased adsorption capacity of myofibrillar proteins to esters could be explained by unfolding and rebuilding of secondary structures with rising pH.
Understanding the physicochemical interactions that occur between aroma compounds and proteins is very important when considering each step of process to control flavour losses, since flavour release depends on their affinity for the product (Druaux and Voilley, 1997) . Our results showed that adjusting pH values of poultry meat by curing agents could improve the flavour by increasing the adsorbed capacity of some kinds of volatile compounds.
The effect of the length of carbon chain on the adsorbed capacity of esters was in agreement with the previous work of Fabre et al. (2002) , who demonstrated that the adsorption capacity of mixed milk proteins to esters increased with increasing chain. Tan and Siebert (2008) suggested that it was related to the number of carbon atoms in a molecule and its boiling point (R 2 = 0.954).
CONCLUSION
In summary, the change of pH influenced the release and retention of most of volatile compounds due to the rebuilding of proteins conformation. With the increase of pH, the decreased adsorption of myofibrillar proteins to alcohols could depend on hydrogen bonds; the increase of aldehydes and esters was attributed to the unfolding and decreased hydrophobicity by revealing more Schiff and electrostatic sites. The binding capacity of ketones decreased as pH increased from 5 to 8 was due to the decreased hydrophobicity. The adsorbed capacity of compounds with longer chain by myofibrillar proteins was greater than shorter chain due to the stronger hydrophobicity. Adjusting the pH values of poultry meat by curing agents could improve the flavour by increasing the adsorbed capacity of volatile compounds.
